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Indirect impact of wolf on tree 
performance is tree species specific and 
modified by site conditions
H.A.L. van Ginkel, M. Churski, J.W. Bubnicki, C. Smit and D.P.J. Kuijper
ABSTRACT
Top-down (ungulate herbivory) and bottom-up (soil productivity) factors simultaneously and often interactively 
affect tree sapling performance. In turn, large carnivores can reduce ungulate herbivory and so indirectly promote tree 
regeneration. However, the effects of large carnivores on tree regeneration via the interplay between top-down and 
bottom-up factors has largely been ignored. We experimentally tested how ungulate herbivory and site productivity 
influence the survival and growth of different tree species in the presence of large carnivores. The study was conducted 
in the Białowieża forest, Poland, where we planted saplings of eight common tree species that differ in preference by 
red deer, on 14 sites distributed along a gradient of predicted wolf use. For two years, we measured sapling survival 
and height increment and recorded red deer visitation rate by means of camera trapping. Red deer visitation rate 
reduced with increased predicted wolf use, unless the site had a high productivity. In turn, these impacts of red deer 
visitation rate and site productivity on sapling survival and height increment was tree species specific. The survival of 
the highly preferred tree species Acer platanoides was mainly top-down mediated by red deer, and these top-down 
effects were more pronounced on low productive sites, while bottom-up effects determined sapling height increase 
of other preferred species Tilia cordata, Pyrus pyraster and Quercus robur. In contrast, neither survival nor height 
increment of the non-preferred, coniferous species Picea abies and Pinus sylvestris was influenced by top-down or 
bottom-up determinants. Our study shows that wolf use affects red deer visitation rates and indirectly affects tree 
regeneration, and that this is modified by local conditions and tree species dependent. This illustrates that making 
community-wide predictions on large carnivore-induced trophic cascades is highly complex in multi-tree species 




For successful tree recruitment trees need to surpass various life stages: from seed germination, to 
seedling establishment and recruitment into sapling and, ultimately, the to the adult tree phase. 
During these successive recruitment phases the relative importance of top-down and bottom-up 
variables can shift (Sinclair et al. 2000, Christensen and Rundgren 2008, Kuijper et al. 2010a, Marshall 
et al. 2013, van Ginkel et al. 2013). Moreover, bottom-up and top-down processes often interact or 
operate simultaneously, and their relative importance for successful tree regeneration can be scale- 
or context-dependent, both in space and time (Oksanen et al. 1981, Fryxell 1991, Krebs et al. 1995, 
Schmitz et al. 2000, Sinclair et al. 2000, Anderson et al. 2010, Hopcraft et al. 2010, Eisenberg et al. 
2013, Riginos 2014, Letnic and Ripple 2017).
In temperate forest systems, abiotic factors (light availability, soil moisture content and nutrient 
availability) are most important for tree establishment (Kuijper et al. 2010a), while ungulate herbivory 
can be the main limiting factor for saplings to grow larger (Kuijper et al. 2010a). In systems with high 
herbivore numbers, often due to the absence of large carnivores, herbivory is limiting successful 
tree regeneration (Côté et al. 2004, Beschta 2005). The strength of these herbivore top-down effects 
can be influenced by the local abiotic conditions at resource hot-spots (Churski et al. 2017). The 
impact of herbivores on suppressing tree regeneration is expected to be high at unproductive sites 
(Oksanen et al. 1981), as plants cannot sufficiently compensate for the tissue loss due to herbivory 
(Olofsson and Post 2018). Besides, the effect of browsing is tree-species specific due to preferential 
browsing by ungulates and the differences in tolerance towards browsing (Churski et al. 2017). 
Besides, as tree species differ in the required light conditions, soil moisture and nutrient content 
(Brzeziecki and Kienast 1994), tree regeneration can also be limited when abiotic requirements 
are not met (Clement et al. 2019). Thus, the influence of herbivory on successful tree regeneration 
interacts strongly with abiotic conditions and differs between tree species (Vandenberghe et al. 
2008, Churski et al. 2017).
Carnivores can indirectly promote tree regeneration via reducing the browsing pressure of their 
ungulate prey (Schmitz et al. 2000, Kuijper et al. 2015, Beschta and Ripple 2016, van Ginkel et al. 
2018). Ungulate prey species are predicted to react to spatial or temporal patterns in grey wolf use 
(Canis lupus; Kuijper et al. 2015, Kohl et al. 2018). In the Białowieża forest, Poland, red deer (Cervus 
elaphus) avoid areas that are intensively used by wolves and become more vigilant (Kuijper et al. 
2015). In turn, tree saplings are less browsed and grow taller in areas with high wolf use (Kuijper et al. 
2013, van Ginkel et al. 2018). Especially, those tree species that are preferred by red deer are expected 
to profit from the reduced browsing pressure (see Chapter 3), with abiotic conditions modifying 
this impact. This was illustrated in the Yellowstone National Park, where elk (Cervus elaphus) 
populations declined, and several tree species were found to recover after the reintroduction of 
wolves (Ripple and Beschta 2003, Beschta and Ripple 2013). However, the recovery was context 
dependent and resulting from the interplay of both top-down and bottom-up processes (Tercek 
et al. 2010, Marshall et al. 2013, Peterson et al. 2014, Beschta et al. 2018): Ripple and Beschta (2006) 
observed less browsing and taller trees near streams, which were seen as risky sites for deer, but 
these sites also have higher water and nutrient availability (Tercek et al. 2010). The abiotic conditions 
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were found to be more important for riparian willow (Salix sp.) growth than reduced elk foraging 
(Tercek et al. 2010, Marshall et al. 2013, 2014). To conclude, when the browsing pressure is reduced 
by large carnivores, the abiotic conditions can play a major role in determining the growth response 
of different tree species and mediate the herbivory impact (Marshall et al. 2013, Churski et al. 2017). 
Often the carnivore effects on deer behavior and tree regeneration are studied in isolation, but the 
mitigating effect of the abiotic conditions should thus not be ignored.
The objective of our study was to investigate, by means of a planting experiment, how top-
down and bottom-up factors influence sapling performance (survival and growth) of eight different 
tree species along a gradient in wolf use in the Białowieża forest, Poland. We hypothesize that 1) red 
deer will visit sites with a high predicted wolf use less frequent, and productive sites more frequent. 
In turn, we expect that 2) tree species preferred by red deer that are not browse tolerant (Acer 
platanoides and Tilia cordata) survive better and grow taller at sites with a low red deer visitation 
rate, and especially on productive sites where they can outcompete slower growing species (Pinus 
sylvestris and Quercus robur); 3) survival of preferred and browse tolerant tree species (Carpinus 
betulus and Pyrus pyraster) is not influenced by red deer visitation rates, while height growth is, and 
we expect these species to outcompete the not-browse tolerant species on low productive sites; 
4) not-preferred tree species (Alnus glutinosa, Picea abies and Pinus sylvestris) can outcompete the 
preferred species at high red deer visitation rates on low productivity sites.
4.2 MATERIALS AND METHODS
4.2.1 Study area
The Białowieża forest stretches across the border of Poland (580km2) and Belarus (800km2). The Polish 
part of the forest is divided in the Białowieża National Park (100km2) and an adjacent managed forest 
(480km2). In the managed forest, the State Forestry allows timber exploitation, seasonal ungulate 
hunting and the forest is freely accessible for hikers and cyclists, but also contains a network of 
nature reserves with limited human interference (c. 130 km2 in total). This study was carried out in 
the managed part of the forest as experimental research is not allowed in the Białowieża National 
Park or in the nature reserves.
The Białowieża forest is one of the best preserved deciduous lowland forests in Europe, 
containing old stands of >120 years old (Bobiec 2002b). Within the forest there is a high variability in 
abiotic conditions including soil fertility and water content, that mainly determine the distribution 
of the dominant forest types (Kwiatkowski 1994). Deciduous forest (Quercus robur, Tilia cordata and 
Carpinus betulus) and black alder floodplain forest (Alnus glutinosa and Fraxinus excelsior) naturally 
occupy the rich soils, whereas coniferous forest (Pinus sylvestris and Picea abies) is found on dry and 
nutrient-poor soils. Mixed-deciduous forest (P. abies, Q. robur, T. cordata and C. betulus) and mixed-
coniferous forest (P. sylvestris, P. abies and Q. robur) grow on intermediate fertile soils (Falinski 1986, 
Jędrzejewska and Jędrzejewski 1998).
The forest is inhabited by the two large carnivores wolf and European lynx (Lynx lynx) and by 
the five ungulate species European bison (Bison bonasus), moose (Alces alces), red deer, roe deer 
(Capreolus capreolus) and wild boar (Sus scrofa). In general, red deer is the most dominant browser 
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in the Białowieża forest, both in numbers and total biomass (Jędrzejewska et al. 1997), and has the 
highest percentage of woody species in the diet (Gębczyńska and Krasińska 1972, Gębczyńska 
1980), which makes it the major player in reducing tree recruitment (Kuijper et al. 2010b). Also, red 
deer constitutes the main prey for wolves (ędrzejewski et al. 2000, 2002), while roe deer is the main 
food source for lynx. European Bison and moose are hardly preyed upon (Jędrzejewski et al. 2000, 
2002). Therefore we expected the strongest impact of wolf on red deer on sapling performance in 
our study.
4.2.2 Planting experiment
In April 2015, we planted saplings in 14 forest gaps spread out over the Białowieża State Forests district 
(Figure 4.1). These sites differed in predicted wolf use and site productivity for tree regeneration (see 
below for how we defined predicted wolf use and site productivity). Light conditions were similar 
between the sites, since we deliberately used gaps to enhance sapling survival (Churski et al. 2017). 
The gaps were on average 8 km2 (± 1.5, range = 1 – 18 km2).
Figure 4.1 Experimental set-up of the planting experiment in the Białowieża forest, Poland. With the villages 
‘Narewka’ in the north of the forest, ‘Hajnowka’ in the west and ‘Białowieża’ in the east forming the three 
major settlements connected by public roads open for cars that influence the wolf use of landscape. The 
numbers indicate the 14 sites in the forest that differ in distance from these three major settlements (used 
as proxy for predicted wolf use). The small circles in different colours indicate the positions of the different 
planted tree species. 
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Per site, we planted 64 saplings divided over eight different species, resulting in eight saplings 
per species. The saplings were planted in an ‘inner’ and an ‘outer’ square of 32 saplings each, which 
were exact copies in terms of species order (Figure 4.1). We choose tree species that naturally 
occur in the Białowieża forest, and that differ in preference by ungulates and also in their browsing 
tolerance. As preferred species we used Norway maple (Acer platanoides), wild pear (Pyrus pyraster), 
small-leaved lime (Tilia cordata), pedunculate oak (Quercus robur) and hornbeam (Carpinus betulus), 
whereas we used Scots pine (Pinus sylvestris), Norway spruce (Picea abies), and black alder (Alnus 
glutinosa) as less preferred by the browsers (Kuijper et al. 2010b, Churski et al. 2017). Moreover, we 
deliberately chose these species because they differ in their tolerance to shading and soil moisture 
content (Brzeziecki and Kienast 1994). More light-demanding species are A. glutinosa, P. pyraster, 
P. sylvestris and Q.robur, whereas A. platanoides, P. abies, T. cordata and C. betulus are more shade-
tolerant tree species (Brzeziecki and Kienast 1994). Moreover, A. glutinosa is associated with wet 
soils, whereas P. abies, Q. robur, C. betulus and A. platanoides are associated with relatively moist soils, 
and P. sylvestris, P. pyraster and T. cordata with drier soils (Brzeziecki and Kienast 1994).
At the start of the experiment (April 2015) sapling height (cm) was measured as the highest 
woody part of each sapling. In November and April of each consecutive year we determined whether 
each sapling was still alive and re-assessed sapling height, with the last measurements in April 2017.
4.2.3 Red deer visitation rate
In our study we focus in the analysis on red deer, as red deer is the main prey for wolf (Jędrzejewski et 
al. 2000, 2002) and previous studies showed red deer strongly respond to wolf presence (Kuijper et 
al. 2014, 2015), but the data on the other ungulates is presented in Appendix S3. To assess red deer 
(and other ungulate) visitation rates we placed camera traps (Bushnell Trophy Cam HD 2013), that 
are triggered by movement detected by a Passive Infrared motion sensor on all 14 sites. From April 
2015 until April 2017 we recorded a total of 916 ungulate visits in 2900 trapping days in five trapping 
sessions divided over the seasons. In line with the expectations, of the five ungulate species, red 
deer was the most dominant ungulate at our sites with 51.3% (470 out of 916 visits) of the total 
visits. With 24.3% (223/916) of the visits roe deer was the second most important visitor, followed 
by wild boar 14.7% (135/916), European bison 6.1% (56/916) and moose 3.5% (32/916). We defined 
one visit as one or a series of videos recorded within a five minute interval of the same species 
(following Kuijper et al. 2014). One visit could be a group or a single individual. A visit therefore 
gives information of how often each ungulate species visited our sites. Per site, the visitation rate 
(trapping rate) was calculated as the sum of red deer visits divided by the number of days that the 
camera was operating.
4.2.4 Site productivity
Nutrient, light and water availability are important bottom-up variables that in combination 
determine site productivity and affect sapling establishment and height increment (Kuijper et al. 
2010a, Marshall et al. 2013). Since ungulate foraging behavior and herbivore impact interacts with 
these abiotic conditions, it is often difficult to disentangle the effects of herbivory and abiotics. 
However, we could profit from an additional set of saplings planted at the same site, surrounded 
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by a fence of 1 meter high that effectively excluded ungulate browsing. We have no recordings 
of red deer (or any of the other ungulates) entering the fenced area (Chapter 3), though red deer 
could reach the saplings from outside when foraging nearby, especially after the saplings increased 
in height. Indeed, we observed some browsing on the fenced saplings (70 out of the planted 392), 
therefore we only included the unbrowsed saplings. In total 32 saplings, with four saplings per 
tree species, were planted within the fenced area at each site. We measured sapling survival and 
height increment in a similar way as the saplings planted without the fence. On the basis of this 
additional not-browsed set of saplings, we calculated a Sapling Performance Index (SPI) as a proxy 
for site productivity, both for sapling survival and height increment. Hence, it indicates the potential 
growth or survival of a tree species at a site resulting from the given abiotic conditions in absence of 
herbivores. For each site and per tree species the SPI for sapling survival was calculated by dividing 
the number of saplings alive in April 2017 by the number of saplings planted in April 2015. As SPI for 
sapling height increment we subtracted per sapling the height in April 2015 from the height in April 
2017, and calculated per tree species the average height increment (cm) per site.
4.2.5 Predicted wolf use gradient
In the Białowieża forest, wolves avoid humans in space and time and especially larger settlements 
(Theuerkauf et al. 2003b, 2003a). As a result, the distance to settlements is found to be a good proxy 
for perceived predation risk by red deer (Kuijper et al. 2015). As proxy for predicted wolf use we 
therefore used the distance from the three major settlements Hajnowka (number of inhabitants 
in 2011: 22.274 inhabitants), Białowieża (2301), and Narewka (935; www.citypopulation.de/en/
poland/localities/lomzynski/), with wolf use predicted to increase with increased distance from 
these human settlements.
4.2.6 Statistical analysis
We analyzed the influence of the predicted wolf use and site productivity on the red deer visitation 
rate with a linear model. In the model we included red deer visitation rate as response variable and 
as independent variables distance from the major settlements and SPI, together with the interaction 
of these two independent variables. We used stepwise model simplification based on F-tests to find 
the minimal adequate model.
We performed the statistical analyses on sapling survival and sapling height increment for seven 
tree species. Unfortunately, we had to exclude C. betulus as too few saplings survived due to poor 
sapling conditions at the moment of planting. We constructed a model per tree species to tests how 
red deer visitation rate and SPI influenced the species’ sapling survival. We used a generalized model 
with a binomial error distribution with survival as response variable and red deer visitation rate, 
SPI, and their interaction as explanatory variables, to calculate analysis-of-variance tables. When we 
checked the model assumptions we noticed overdispersion (i.e. a higher variance than expected) 
for the models of A. glutinosa, P. abies, P. pyraster, P. sylvestris, Q. robur and T. cordata, therefore we 
redid the analysis for these species, but used a quasibinomial distribution instead.
69
Indirect impact of wolf on tree performance is tree species specific and modified by site conditions
4
To calculate the sapling height increment, we subtracted the sapling height in April 2015 from 
the sapling height in April 2017. Therefore only saplings that survived until April 2017 (504/896) are 
included in the models for sapling height. Per tree species we constructed a linear mixed effects 
model with the height increment of a sapling as response variable and red deer visitation rate, the 
SPI and their interaction as explanatory variables, and Site as random intercept. The model of A. 
glutinosa could not converge with the interaction term included in our mixed model, likely due to 
the low number of sites where A. glutinosa survived (6/14). Therefore we included for the A. glutinosa 
model only the single terms red deer visitation rate and SPI. We used stepwise model simplification 




Red deer visitation rate declined with increased predicted wolf use, and this effect interacted with 
site productivity (Table 4.1; Figure 4.2; F = 6.412, P = 0.030). Red deer visited sites with a higher 
predicted wolf use more often if the site was more productive.
Table 4.1 Analysis of deviance table based on the linear model explaining the variation in red deer visitation 
rates on the sites by distance from major settlements (proxy for predicted wolf use) and the Sapling Performance 
Index (proxy for site productivity) and their interaction.
Factor F-value P-value
Distance from major settlements 0.024 0.879
Sapling Performance Index 0.516 0.489
Distance from major settlements : Sapling Performance Index 6.412 0.030
Figure 4.2 3D-plot showing the interaction between the distance from major settlements (km, indicating 
predicted wolf use) and the Sapling Performance Index (SPI, indicating site productivity) on red deer and 





Whether and how red deer visitation rate and site productivity affected sapling survival differed 
between the tree species (Figure 4.3; χ2(6) = 33.269, P < 0.0001). Sites with a higher red deer visitation 
rate had a lower survival of A. platanoides and this effect was more pronounced at low productive 
sites (significant interaction, Table 4.2). The survival of P. abies, P. sylvestris, P. pyraster, T. cordata and 
Q. robur was relatively high compared to the other tree species and neither affected by red deer 
visitation rate nor by site productivity (Table 4.2). In general, the survival of A. glutinosa was low 
as on 6 of the 14 sites none of the planted saplings survived. Also for this species survival was not 
influenced by red deer or site productivity (Table 4.2).
4.3.3 Tree height increment
Similar as for sapling survival, the influence of red deer visitation rate and site productivity on sapling 
height increment was species specific (Figure 4.4; χ2(6) = 16.97, P = 0.009). For Q. robur sapling height 
Figure 4.3 3D-plot of the sapling survival per tree species in relation to the interactive effect of the red deer 
visitation rate and the Sapling Performance Index (SPI; proxy for site productivity). Red deer visitation rate 
and SPI interactively influenced the survival of A. platanoides (P = 0.0004). The sapling survival of Q. robur, 
P. abies, P. pyraster, A. glutinosa,  T. cordata and P. sylvestris was not affected by the red deer visitation rate 
or the SPI. 
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increment reduced with increased red deer visitation rate, and this effect was more pronounced at 
sites with a low productivity (χ2(1) = 7.360, P = 0.007). The height increment of P. sylvestris showed 
a similar trend, however this was not statistically significant (χ2(1) = 2.793, P = 0.095). For P. pyraster 
and T. cordata the saplings grew significantly taller with increasing site productivity (respectively 
χ2 = 3.797, P = 0.051 and χ2 = 9.401, P = 0.002), and were not affected by red deer visitation rate 
(respectively χ2 = 0.411, P = 0.522 and χ2 = 1.319, P = 0.203). The height increment of A. glutinosa, A. 
platanoides, P. abies and P. sylvestris was neither affected by red deer visitation rate (respectively; χ2 
= 2.707, P = 0.100; χ2 = 2.973, P = 0.085; χ2 = 0.331, P = 0.565; χ2 = 0.007, P = 0.936), nor by the site 
productivity (respectively; χ2 = 3.294, P = 0.070; χ2 = 1.367, P = 0.242; χ2 = 0.680, P = 0.410; χ2 = 0.025, 
P = 0.874).
Table 4.2 Analysis of deviance table based on the generalized linear models with binomial (for A. 
platanoides) or quasibinonial distribution (for A. glutinosa, P. abies, P. pyraster, P. sylvestris, Q. robur and T. 
cordata) explaining the variation in sapling survival by red deer visitation rate (RDVR), sapling performance 
index (SPI) and their interaction (RDVR:SPI). The likelihood-ratio chisquare (LR χ
2
) is calculated for generalized 
linear models.
Tree species LR χ
2
df P-value
Acer platanoides RDVR 20.606 1 <0.0001
SPI 4.138 1 0.042
SPI : RDVR 12.427 1 0.0004
Alnus glutinosa RDVR 0.273 1 0.601
SPI 1.141 1 0.286
SPI : RDVR 1.731 1 0.189
Picea abies RDVR 0.649 1 0.420
SPI 1.944 1 0.163
SPI : RDVR 1.055 1 0.304
Pyrus pyraster RDVR 0.199 1 0.655
SPI 0.005 1 0.945
SPI : RDVR 1.744 1 0.187
Pinus sylvestris RDVR 0.789 1 0.375
SPI 0.314 1 0.575
SPI : RDVR 0.719 1 0.397
Quercur robur RDVR 0.306 1 0.580
SPI 0.040 1 0.842
SPI : RDVR 0.132 1 0.717
Tilia cordata RDVR 1.124 1 0.289
SPI 0.148 1 0.700




In this study, we studied how top-down (ungulate herbivory) and bottom-up (site productivity) 
factors influence sapling survival and height increment over a predicted gradient in wolf use. We 
found that red deer visitation rate was lower at sites with a predicted high wolf use, unless the site 
was more productive. In turn, we found that the interactive effect of red deer visitation rate and site 
productivity on sapling performance was tree species specific. For some species (A. platanoides) the 
Figure 4.4 3D-plot of the sapling height increment per tree species in relation to the red deer visitation rate 
and the Sapling Performance index (SPI; proxy for site productivity). Sapling height increment for T. cordata 
and P. pyraster was influenced by the site productivity (respectively P = 0.002, P = 0.051). For the height 
increment of Q. robur we found and significant interaction between red deer visitation frequency and the 
site productivity (P = 0.007). The sapling height increment of A. glutinosa, A. platanoides, P. sylvestris and P. 
abies is not influenced by the red deer visitation rate or the site productivity. Note: the scale of the y-axis for 
T. cordata is different from to the scale of the y-axis of the other tree species.
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top-down effect of red deer was more important for sapling survival (though the saplings survived 
better if the site was relatively productive), whereas for other species bottom-up effects were more 
important for sapling height increase (T. cordata, Q. robur, P. pyraster). This shows that the effect of 
wolf space use on red deer visitation rates and indirectly on tree regeneration are modified by local 
conditions and are tree species dependent.
4.4.1 Species-specific effects of top-down and bottom-up factors on sapling performance
We found that sapling performance of the preferred tree species (A. platanoides, T. cordata and P. 
pyraster) is mainly top-down mediated. The sapling survival of A. platanoides saplings was reduced 
with increased red deer visitation rate, but interacted with site productivity, with a higher survival 
on more productive sites. Our result corresponds to long term data showing reduced A. platanoides 
recruitment with increased ungulate densities (Kuijper et al. 2010b) and that browsing severity 
is the main limiting factor for A. platanoides survival (Churski et al. 2017). Moreover, we observed 
that when the saplings survive, site productivity determines height increment of T. cordata and P. 
pyraster which are relatively browse tolerant (Churski et al. 2017). We observed that at productive 
sites P. pyraster and T. cordata saplings grew taller and therefore are more likely to reach the ungulate 
browsing line of 200 cm (Kuijper et al. 2013), compared to saplings growing at less productive sites. 
The height increment of A. platanoides, which is not browsing-tolerant (Kuijper et al. 2010b, Churski 
et al. 2017), was surprisingly unaffected by red deer visitation rate. Concluding, survival of preferred 
tree species was mainly top-down mediated, whereas bottom-up factors are important for their 
height increment.
The survival of A. glutinosa was overall low and, as expected, not influenced by red deer visitation 
rate, since the species is avoided by browsers. We therefore expected that the bottom-up conditions 
would determine its performance. However, we found no effect of site productivity on A. glutinosa 
survival or height increment. Most of our sites were however located on relatively dry soils, which 
likely do not offer good growing conditions for A. glutinosa, which is associated with moist soil 
conditions of floodplain forests and river valleys (Bernadzki et al. 1998), explaining the overall low 
survival. However, on the relatively wet sites (site nr’s 3, 11 and 12; Figure 4.1) A. glutinosa survived 
well and of all tree species increased most in height. Likely, wolf presence will hardly affect the 
recruitment of A. glutinosa as it is mainly determined by the site humidity.
For both coniferous species (P. abies and P. sylvestris) neither survival nor height increment 
was affected by the red deer visitation rate or site productivity. Despite the fact that P. abies and P. 
sylvestris are not preferred browse species, winter browsing can have a large impact on the survival 
and growth (Kuijper et al. 2010a, 2010b, Churski et al. 2017). However, we did not find an effect of 
red deer visitation rate on their sapling survival and height increment, indicating that the saplings 
could cope relatively well, despite minor browsing. However, P. abies and P. sylvestris hardly increased 
in height during our experiment, which is in line with previous studies that observed a decline in 
number of coniferous trees with an increase browsing pressure in the Białowieża forest (Kuijper et 
al. 2010b, 2010a, Churski et al. 2017), therefore successful regeneration of coniferous species under 
high ungulate herbivore pressure is likely limited.
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4.4.2 Top-down and bottom-up factors influence deer visitation
Red deer visitation rate was determined interactively by top-down (predicted wolf use) and bottom-
up (site productivity). This finding is in line with trade-offs that herbivores generally face between 
avoiding predation risk and the acquisitioning of food (Lima and Bednekoff 1999). The costs of 
foraging on a risky site can be outweighed if the benefits of foraging are high enough (Nersesian 
et al. 2011). We also found this trade-off between food acquisition and risk avoidance, as red deer 
visited sites with a higher predicted wolf use less often, unless the site was more productive. This 
indicates that red deer accept a higher perceived risk in return for a high quality or quantity of food, 
which is in line with the foraging theory (Brown and Kotler 2004). Overall, a landscape-scale wolf use 
gradient exists and red deer follow these landscape patterns by avoiding areas with a high wolf use 
(Bubnicki et al. 2019). However, at a local scale abiotic conditions also strongly influence red deer 
causing observed red deer visitation rates to deviate from the prediction based on wolf avoidance 
alone. Large carnivore presence is therefore not the sole predictor for ungulate distribution and 
behavior as it is also highly influenced by bottom-up factors at a local scale, creating a more complex 
and patchy risk landscape (Valeix et al. 2009a, Anderson et al. 2010, Kohl et al. 2018).
Moreover, our study sites were located in the managed part with frequent human disturbance 
(hunting, tourists, cars etc.), and a large variation in productivity. The previous studies that found 
strong top-down effects of wolf use on red deer distribution and behavior creating a landscape 
of fear were executed in the Białowieża National Park (Kuijper et al. 2013, 2015). In the Białowieża 
National Park, human interference and access is highly limited, moreover the variation across the 
sites used by Kuijper et al. (2013, 2015) was smaller because they focused on one forest type (mixed 
deciduous forest) with relatively similar abiotic conditions. The difference in forest management 
and variability in site productivity can explain why in our study the effect of predicted wolf use on 
red deer was more variable, although still visible in the negative relation between red deer visitation 
rate and predicted wolf use. In the managed forest, more confounding factors can attenuate wolf 
– red deer interactions (Kuijper et al. 2016), compared to the national park. This implies that due to 
the existing multi-scale variation in a landscape structure and management, including overlapping 
complex spatial patterns of soil types occurrence, water conditions, forest management history and 
protection regimes, the effect of wolf use on deer behavior is more variable.
4.4.3 Implications for wolf-induced trophic cascades
Large carnivore-induced trophic cascades often do not act community wide, as likely only specific 
ungulate species and their preferred plant species are affected (Polis 1999, Montgomery et al. 
2019). Moreover, the interactive effects of site productivity on red deer visitation and on sapling 
performance make studies of trophic cascades complex. In future experiments, bottom-up factors 
should be manipulated and, as proposed by Ford and Goheen (2015), all relevant trophic levels should 
consecutively be manipulated to determine whether large carnivores indirectly affect regeneration 
of different tree species via suppressing ungulate browsing. Moreover, such experiments should be 
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long-term to determine whether large carnivores in the end influence the forest composition.
In our study, we focused on the wolf – red deer – trees cascading effects, as only red deer 
presence is influenced by wolf use and the other four ungulate species are not (Bubnicki et al. 2019). 
However, by doing so, we oversimplified the multi-species study system (Montgomery et al. 2019). 
With 48.7% of the recorded visits, the other four ungulates (roe deer, wild boar, European bison 
and moose) could potentially compensate for the reduced red deer presence and their combined 
browsing impact could lead to no release in overall browsing pressure (despite a reduce red deer 
browsing pressure) on the saplings as possible outcome. Such redundancy effects can prevent a 
trophic cascade from happening (Ford et al. 2015). Therefore, we repeated the statistical analysis as 
described in the Methods section, but then included the visitation rate of all five ungulate species 
combined in the models instead of the red deer visitation rate. However, the use of all ungulate 
species combined resulted in comparable results (see Appendix S3), which reconfirms that red deer 
can be regarded as the dominant ungulate, i.e. the main species affecting sapling performance.
Overall, our study shows that, despite having a landscape-scale risk gradient that determines 
red deer visitation, at a local scale red deer does not need to follow these patterns. We found that 
a higher than expected deer visitation at risky sites with a high productivity. Moreover, bottom-up 
factors can locally be overruling the herbivore impact in determining sapling survival and height 
increment, though this is strongly tree species specific. This implies that we should not expect a 
community-wide indirect positive effect of wolves on tree regeneration, but mainly on tree species 
that are preferred by the ungulates (A. platanoides, T. cordata and P. pyraster). On productive sites, 
these species that are ‘trapped’ by intensive red deer browsing can benefit from the release in 
top-down control in areas intensively used by wolves. Less preferred tree species (P. abies and 
P. sylvestris) survive and grow relatively well at sites with a higher herbivore pressure. Therefore, 
predicting carnivore-induced trophic cascades is more complex in multi-tree species communities 
with natural heterogeneity in site productivity and spatially varying wolf use. Bottom-up factors 
as well as ungulate- and tree species-specific responses should thus be taken into account, to fully 
understand the trophic cascading effects in natural ecosystems.
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Redundancy effects other ungulate species:
We focused in the main text on red deer, since we expected this to be the most important ungulate 
species of the Białowieża forest when investigating a trophic cascade. However, we are aware that 
the presence of four more ungulate species can attenuate the indirect positive effect of wolves on 
tree regeneration. Therefore we repeated the statistical analysis as described in the main text but 
then used the visitation rate of the complete ungulate assemblage (red deer, roe deer, European 
bison, moose and wild boar) instead of the red deer visitation rate. The results are comparable to the 
analysis of the red deer visitation rate alone.
RESULTS:
The interaction between site productivity and predicted wolf use similarly affects the total ungulate 
visitation rate (Figure 1; F = 7.979, P = 0.018), with fewer ungulate visits at sites with a high wolf use, 
and this effect is stronger at low productive sites.
The survival of A. platanoides is significantly reduced with increased ungulate visitation rates (Figure 
2; χ2 = 5.284, P = 0.022) and on low productive sites (Figure 2; χ2 = 4.138, P = 0.042. The survival of A. 
glutinosa, P. abies, P. pyraster, Q. robur and T. cordata is neither affected by site productivity nor total 
ungulate visitation rate (Table 1). The survival of P. sylvestris surprisingly increases with increased 
ungulate visitation rate (χ2 = 6.747, P = 0.009) and is not influenced by site productivity (χ2 = 0.037, 
P = 0.847).
The total ungulate visitation rate interacts just as the red deer visitation rate with site productivity in 
influencing the Q. robur and the P. sylvestris height increment (χ2 = 8.865, P = 0.003 and χ2 = 4.993, P 
= 0.025 respectively). The saplings of A. glutinosa and T. cordata grow significantly taller on the more 
productive sites (χ2 = 3.993, P = 0.046; χ2 = 10.047, P = 0.002) and are not affected by the ungulate 
visitation rate (χ2 = 2.203, P = 0.138; χ2 = 1.443, P = 0.230). The saplings of P. pyraster also show a trend 
of growing taller on high productive sites, only this trend is not significant (χ2 = 3.609, P = 0.057). The 
height increment of A. platanoides is significantly reduced on sites with a high ungulate visitation 
rate (χ2 = 6.284, P = 0.012) and is not influenced by site productivity (χ2 = 3.468, P = 0.066). Height 
increment of P. abies is not influenced by the ungulate visitation rate (χ2 = 0.628, P = 0.428) or the site 
productivity (χ2 = 1.321, P = 0.250).
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Figure 1. The interactive effect of distance from human settlements (proxy for predicted wolf use) and 
Sapling Performance Index (proxy for site productivity) on the ungulate visitation rate. Numbers indicate the 
sites as specified in the map of Figure 4.1 in the main text.
Figure 2. 3D-Scatterplots showing the interactive effect of the ungulate visitation rate and the Sapling 
Performance Index on sapling survival per tree species.
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Figure 3. 3D-Scatterplots showing the interactive effect of the ungulate visitation rate and the Sapling 
Performance Index on sapling height increment per tree species. Note: the scale of the y-axis for T. cordata 




uit alle macht, maar zonder
zekere toekomst.
Grote groeneters nemen
hen zonder meer te grazen.
